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Abstract

The possible effects of specific spontaneous changes in protein chemistry on age-related homeostatic dysfunction
are discussed. Spontaneous racemization and isomerization of aspartic acid and deamidation of asparagine to
four possible forms of aspartic acid in caspases and their substrates could profoundly alter apoptotic activity.
Deamidation of asparagine residues at critically important sites of DNA glycosylases could compromise base
excision repair activity. Furthermore, as oxidative damage may enhance asparagine/aspartate instability in proteins,
and erroneously-synthesized proteins show increased susceptibility to oxidative attack, it is beginning to appear that
the aberrant protein forms that accumulate during ageing are possibly interrelated. The role of cell growth rates in
controlling constitutive proteolytic elimination of various forms of aberrant polypeptides 1s then discussed. Finally,
it is pointed out that three recently described agents that delay senescence in cultured cells (aminoguanidine,
N-t-butylhydroxylamine and kinetin) resemble carnosine in that they are also likely to react with glycoxidised
proteins, as well as possess anti-oxidant activity. These observations suggest that pluripotency may be a necessary
pre-requisite for effective anti-ageing activity.

John Baynes’ (2000) review on “the struggle between
chemistry and biology during aging” together with
those by Ward (2000) and Soti and Csermely (2000)
have provoked the following questions on protein
ageing. (i) Could amino acid residue instability
directly affect homeostatic activities and thereby pro-
mote the ageing phenotype? (ii) Do developmentally-
related changes in proteolytic activity contribute to the
ageing phenotype? (iil) How may anti-ageing agents
suppress the ageing phenotype?

Intrinsic amino acid instability, apoptosis, DNA
repair and ageing

Baynes (2000} and Soti and Csermely (2000) discuss
age-telated deamidation of asparagine residues in

protein, a completely spontancous process that yields
any one of four products, L-aspartic acid, L-iso-
aspartic acid, D-aspartic acid and D-iso-aspartic acid.
Aspartic acid residues are also unstable {though less
so than asparagine), they spontaneously racemize
and isomerize to D-aspartic, D-iso-aspartic and L-
iso-aspartic forms (Fujii et al. 1994, 1996). Recent
studies suggest that oxidative conditions increase
protein asparagine/aspartate instability (Ingrosso et
al. 2000), and erroneously-synthesized proteins show
increased susceptibility to oxidative damage (Dukan
et al. 2000). Such observations provide not entirely
unexpected links between various mechanistic ageing
theories.

Formation of either D or isomeric forms of
aspartic acid is important biologically because a repair
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process has evolved, protein iso-aspartate methyl-
transferase (PIMT), that specifically methylates the
free o-carboxyl group of D or iso-aspartic acid to
promote formation of a succinimide intermediate
which may rearrange to the normal form of aspartic
acid (Kim et al. 1997). Complete repair to asparagine
residues does not oceur. “Knock out’ mice, deficient
in PIMT activity, show decreased lifespan, neurolo-
gical dysfunction and accumulate aberrant protein in
their brains (Kim et al. 1997; Yamamoto et al. 1998).
It appears that the resultant S-peptide bond, formed
between iso-aspartate and the next amino acid residue,
is resistant to proteolytic attack.

I suggest that the intrinsic instability of protein
aspartic acid and asparagine residues could directly
affect apoptosis and DNA rtepair and thereby
contribute to age-related dysfunction and disease.
Failure of apoptosis permits survival and prolifera-
tion of tramsformed cells increasing the likelihood
of tmour development and cancer. In contrast,
excessive or inappropriate apoptosis may contribute
to neurodegenerative conditions such as Alzheimer’s
disease, Parkinson’s disease and motor neurone
discase (amyotropic lateral sclerosis). Apoptosis
requires the function of a number of specific proteases
called caspases in which aspartic acid residues are
important. Caspases cleave at aspartic acid residues
in their substrates, e.g., pro-caspases. Aspartic acid
residues are also present at the active site of caspases
and participate directly in peptide bond cleavage
(Nicotera 2000). It is conceivable, therefore, that
the intrinsic instability of asparagine and aspartic
acid residues in caspases and their substrates could
contribute to general age-related apoptotic dysfunc-
tion. First, asparagine deamidation to aspartic acid
in any protein could create illegitimate aspartic
acid cleavage sites in inappropriate polypeptides and
sequester caspases from their proper subsirates and
function. Secondly, isomerization and racemization of
aspartic acid residues to L or D-iso-aspartic acid or D-
aspartic acid residues at either substrate cleavage site
or at the enzyme’s active site could again compromise
function. Thirdly, asparagine deamidation would elim-
inate enzymically-mediated protein N-glycosylation
sites which could also affect apoptosis (Kukuruzinska
and Lenpon 1998). More specifically, Yu et al. (2000)
have recently shown that aspartic acid mutations in
presenilins {caspases?) influence control of amyleid
peptide precursor protein processing, amyloid peptide
accumulation and Alzheimer’s disease (Roher et al.
1993; Orpiszewski et al. 2000).

DNA repair is another homeostatic activity
reported to show age-related dysfunction. Ageing
is often characterized by increased oxidative DNA
damage as shown by increased 8-oxoguanine content
in nuclear and mitochondrial DNA, sometimes accom-
panied by a decline in base-excision repair activity
(Hirano et al. 1995; Atamna et al. 2000a). Muta-
tion in the gene coding for the DNA repair enzyme
8-oxoguanine DNA glycosylase (hOGG1) has been
found in a strain of senescence accelerated mice
{(SAM) (Choi, et al. 1999). The resultant thermolabile
protein has low DNA glycosylase activity and thus
appears, at least partly, to be responsible for the accu-
mulation of DNA damage (Hosokawa et al. 2000) and
the premature ageing phenotype. The hOGG1 protein
possesses a friplet of asparagine residues (149-150-
151) required for the enzyme’s interaction with DNA
(Bruner et al. 2000). Furthermore Hardeland et al.
(2000) have recently shown that a mutation in human
thymine DNA glycosylase that resuits in substitution
of an asparagine residue by an alanine at the active site
of the enzyme compromises base-excision activity. It
is not inconceivable that spontaneous loss of amide
functions and/or generation of the various forms of
aspariic acid residues at any one or more of hOGG1
asparagine triplet (149—-151), or at position 140 of
thymine DNA glycosylase, could affect DNA compos-
ition by compromising base-excision repair and even-
tually produce the mutator phenotype. Hence genomic
changes that accompany ageing may be consequences
of age-related epigenetic effects, at least in part.

Protein synthesis rates, proteolysis of aberrant
protein and ageing

One determinant of whether changes in asparagine
and aspartic acid residues occur in the hOGGI protein
molecule, presenilins, caspases and their substrates is
the rate at which these proteins are replaced during
normal turnover. Hence as protein replacement slows
during normal ageing (Ward 2000) the chances that
changes in protein asparagine and aspartic acid chem-
istry occur and persist are increased. It is not known
if PIMT activity generally declines with age but it
may {(Pelletier et al. 1996). However, it is known
that protein asparagine content often decreases with
age, iso-aspartic acid levels generally increase and the
p-amyloid peptide that accumulates in Alzheimer’s
disease brain is enriched in iso-aspartic acid residues
(Orpiszewski et al. 2000; Najbauer et al. 1996; Roher
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et al. 1993). Such observations are consistent with
the proposal that a decline in proteolytic activities
contribute to the accumulation of proteins bearing
the consequences of asparagine and aspartic acid
instability.

Ward (2000) identifies the necessity for a close
coupling between protein synthesis and breakdown
during cell development and suggests that changes
in certain proteasome activities are important in the
ageing phenotype. However it should be pointed out
that cellular ability to deal with aberrant proteins
by degrading, binding or refolding them., may not
be constant during development (Soti and Csermerly
2000) and accumulation of aberrant polypeptides
is a frequently observed age-related phenomenon.
There are many sources of aberrant proteins which
include erroneous synthesis and a number of post-
synthetic modifications additional to the aspar-
agine/aspartic acid instability described above, Partic-
ularly important are glycation by reactive sugars and
other aldehydes and ketones, and oxidative damage by
oxygen free-radicals and related species. As recently
highlighted by Grune (2000), much of the oxidatively-
damaged protein is selectively degraded by the protea-
some system, but highly oxidized proteins, particu-
larly if cross-linked, seem to be resistant to proteolysis
and may even inhibit proteasome function towards
potentially degradable substrates. It follows that
excess cellular proteolytic activity is important for
long-term viability. Should, however, degradation of
aberrant polypeptides become limited by insufficient
proteolytic activity, rather than substrate availability,
then aberrant proteins could accumulate and cross-link
into undegradable and inhibitory forms.

It is still unclear how development-related changes
in cellular proteolytic activity could contribute to
ageing (Rattan 1996), despite many observations
showing age-related decline in a variety of proteolytic
activities in many cell types (Rattan 1996; Carmi-
chael and Hipkiss 1989; Wharton and Hipkiss 1985).
Cellular proteolytic activities can be divided into
constitutive and inducible components and it is likely,
though unproven at present, that the ratio between
them may not remain constant throughout a cell’s life-
time, especially where large changes in growth rates
occur. For example in Fscherichia coli constitutive
proteolytic activity squares as growth rate doubles
(Rosenberger et al. 1990) and large differences in
growth rates are found at various stages in mammalian
development. Hence should growth-rate also affect
constitutive proteolytic activity in mammalian cells
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(cytoplasmic or mitochondrial compartments), then
cellutar history could infiuence constitutive degrad-
ative ability towards aberrant proteins. This idea
is supported by the observation that constitutively-
expressed ubiquitin is synthesized co-translationally
with a ribosomal protein (Findlay et al. 1989). The
proposal that constitutive proteolysis rates vary logar-
ithmically with growth rates may provide some insight
into the non-linear relationship between the appear-
ance of the aged phenotype and the passage of time
following cessation of growth. However at present
there is great uncertainty about the rates at which
the proteases, proteasomes, and components of the
ubiquitin system turn over as cell growth rates decline.
It is possible that as growth rates decline, upon cell
division each daughter cell is provided excess proteo-
lytic activity. Eventually, however, depending on the
rate of degradation of the proteases themselves, a
new lower steady-state level of proteolytic activity is
established. When constitutive proteolytic activity is
insufficient, induction of stress proteins and proteases
etc. then becomes necessary, although the threshold
for such induction would fall as constitutive proteo-
lytic activity similarly falls as growth rates decline.
Any delay between accumulation of aberrant poly-
peptides and the induction of sufficient proteases and
chaperone proteins to deal with them, especially in
slowly growing cells, could allow sufficient time for
the deleterious molecules to exert any toxic/lethal
effects. Additionally, as the complete stress response
includes the cessation in the synthesis of regular
housekeeping proteins, the persisience of stress can
result in cell death due to the failure to replace intrins-
ically unstable or short-lived proteins essential for cell
survival.

Amnti-ageing strategies

Caloric restriction (CR) is the only widely demon-
strated method by which ageing and many related
conditions can be delayed, but not prevented, although
mechanisms of CR’s anti-ageing actions are not
entirely understood. CR clearly impacts on homeo-
static function (Soti and Csermely 2000) and increased
protein turnover could contribute to its beneficial
effects.

Recent studies on the effects of anti-ageing agents
support the views cxpressed by Baynes (2000) that
phenotypic changes in chemistry can influence the
ageing processes. Aminoguanidine (Fujisawa et al.
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1999} and N-t-butylhydroxylamine (Atamna et al.
2000b) can delay ageing in cultured fibroblasts. Some
time ago carnosine was shown to have very similar
effects on cultured cells (McFarland and Holliday
1994, 1999). The mechanisms of these anti-aging
actions are uncertain and anti-oxidant activity has
been proposed (Fujisawa et al. 1999; Atamna ot
al. 2000b), bui it should be pointed out that better
anti-oxidants than carnosine, aminoguanidine or N-
t-butylhydroxylamine do not delay senescence in
cultured cells which suggests that other activities of
these molecules might also be required for anti-ageing
function.

Carnosine is a potential anti-glycating agent
protecting proteins (Hipkiss 1998; Hipkiss et al. 1995,
1997; Hipkiss and Chana 1998) and cells (Hipkiss
et al. 1998) against reactive aldehydes and AGEs.
Recent studies show that carnosine can react with
glycoxidised proteins most probably via polypeptide-
bound carbonyl groups, (Brownson and Hipkiss 2000;
Hipkiss and Brownsen 2000). Conceivably, similar
adducts, i.e., ‘carnosinylated’ proteins between poly-
peptide carbonyls (formed by oxidation or glycation)
and carnosine could occur in cultured cells and in vivo.
Therefore the rejuvenating and anti-aging effects of
carnosine could be explained via possible metabolic
rather than mere prophylactic actions, should ‘carnos-
inylation’ of protein carbonyls alter polypeptide fate
or reactivity. It is possible that aminoguanidine and
N-t-butylhydroxylamine could react with glycoxid-
ised proteins in cultured fibroblasts similarly to that
proposed for carnosine (Hipkiss and Brownson 2000).
Aminoguanidine is a recognized anti-glycating agent
that reacts with AGEs (Liggins and Furth 1997),
whilst hydroxylamines generally are readily reactive
towards aldehydes and ketones. Such activities could,
like carnosine, moderate age-related accumulation of
protein carbonyls, perhaps preventing formation of
protein-protein cross-links that can inhibit proteasome
function (Frigeut and Szweda 1997). Kinetin (N-6-
furfuryl-adenine) has aiso been shown to delay appear-
ance of the senescence phenotype in cultured human
cells (Rattan and Clark 1994) and fruit flies {Sharma
et al. 1995), and it has recently been shown that
this molecule too possesses both antioxidant (Olsen
et al. 1999) and anti-glycating activities (Verbeke et
al. 2000). This again supports the proposal that anti-
ageing action, at least in cultured cells, is dependent
on both anti-glycating and anti-oxidant activities.

Proteascme activity is vital to cell function
(Grune 2000; Keller et al. 2000), and many age-

associated protein changes can affect proteasome
function. Proteins cross-linked by lipid peroxidation
product 4-hydroxynonel are inhibitory to proteasomes
(Friguet and Szweda 1997), as are aberrant forms
of ubiquitin synthesized as a result of age-related
transcriptional inaccuracy (Lam et al. 2000). Indeed
it is possible that inhibition of proteasome func-
tion by any means, e.g., accumulation of inhibitors,
aggregates of proteins and fragments refractory to
proteolytic attack such as amyloid peptides and poly-
glotamine proteins, or dysfunction of the ubiquit-
ination system induced by glycation or oxidation
(Takizawa et al. 1993), could cause cell cycle arrest
(senescence?) and/or provoke cell death by apoptosis
or necrosis (Keller et al. 2000; Petropoulis et al.
2000). Does the reactivity of carnosine, aminoguan-
idine, N-t-butylhydroxylamine, and perhaps kinetin,
towards protein carbonyls preserve proteasome func-
tion and possibly explain their anti-aging actions
towards cultured cells (Holliday and McFarland 2000,
Atamna et al. 2000b; Fujisawa ¢t al. 1999) and in
vivo (Yuneva et al. 2000)7 Studies on the mechanisms
of action of these potential anti-ageing agents may
reveal new routes whereby some age-related changes
in cell chemistry might be delayed before giving up
the struggle and succumbing to the inevitability of
homeostatic dysfunction.
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